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Abstract
In the present paper, we study the thermodynamics behavior of
the field equations for the generalized f(T ) gravity with an arbitrary
coupling between matter and the torsion scalar. In this regard, we
explore the verification of the first law of thermodynamics at the ap-
parent horizon of the Friedmann-Robertson-Walker universe in two
different perspectives namely the non-equilibrium and equilibrium de-
scriptions of thermodynamics. Furthermore, we investigate the valid-
ity of the second law of thermodynamics for both descriptions of this
scenario with assumption that the temperature of matter inside the
horizon is similar to that of horizon.
1 Introduction
The teleparallel equivalent of General Relativity (TEGR) [1, 2] is an equiva-
lent formulation of classical gravity, in which instead of using the curvature
defined via the Levi-Civita connection, uses the Weitzenbo¨ck connection that
has no curvature but only torsion. This approach is closely related to the
standard General Relativity, differing only in ”boundary terms” involving
total derivatives in the action. In this setup, the dynamical objects are the
four linearly independent vierbeins and the Lagrangian density, T , is con-
structed from the torsion tensor which is formed solely from products of the
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first derivatives of the vierbein [2]. However, in a similar manner to the f(R)
modified gravity [3–7], the teleparallel gravity is generalized to a modified
f(T ) version [8–11] which the Lagrangian density is an arbitrary function
of the torsion scalar T . This modification enable the theory to explain the
late time acceleration of the universe [9, 12, 13] which is favored by the ob-
servational data. So there is no need to introduce a mysterious dark energy
component for the matter content of the universe. The significant advantage
of the f(T ) gravity is that, the field equations are second order differential
equations and are more manageable compared to the f(R) theories. For some
gravitational and cosmological aspects of the modified teleparallel gravity see
[14]. Recently, a further generalization of the teleparallel gravity has been
introduced in [15] by considering a nonminimal coupling between matter and
the torsion scalar in the action. In this model, the gravitational field can be
described in terms of two arbitrary functions of the torsion scalar T , namely
f1(T ) and f2(T ), with the function f2(T ) linearly coupled to the matter La-
grangian [15]. This nonminimal torsion-matter coupling scenario can offer
a unified description of the universe evolution, from its inflationary to the
late-time accelerated phases [15]. In [16] the energy conditions of this model
is studied and the validity of energy bounds is examined. The dynamical
system analysis for the cosmological applications of this model is carried out
in [17].
In the present work we are going to study the thermodynamics aspects
of this nonminimally coupled f(T ) model at the apparent horizon of an
expanding cosmological background. Indeed, the black hole thermodynamics,
set up connections between general relativity and the laws of thermodynamics
[18]. In this content, a temperature and entropy, which are proportional to
the surface gravity and area of the horizon respectively, are associated with
the black hole. The first law of black hole thermodynamics is given by the
identity TdS = dM [19] whereM is the mass of the black hole. Furthermore,
Jacobson [20] showed that the Einstein’s equations can be derived from the
fundamental relation dQ = TdS in all local Rindler horizons where δQ and T
are the energy flux across the horizon and Unruh temperature, respectively.
This approach soon generalized to the cosmological situation where it was
shown that by applying the Clausius relation to the apparent horizon of the
Friedmann-Robertson-Walker (FRW) universe, the Friedmann equation can
be rewritten in the form of the first law of thermodynamics [21]. Recently,
the equivalence of the Clausius relation and the gravitational field equations
has been investigated to the more general modified theories of gravity such as
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Gauss-Bonnet gravity [22], Lovelock gravity [23, 24], Braneworld gravity [25],
scalar-tensor gravity [26], f(R) theories [27–31] and the extended models of
f(R)-gravity [32–37]. In the context of f(T ) gravity, the first law of black
hole thermodynamics has been studied in [38] and the thermodynamics of
the apparent horizon of the FRW universe is explored in [39–41]. This issue
is also studied in some modified f(T ) scenarios [42–45].
On the other hand, in [27] it was pointed that in order to derive the field
equations of f(R) modified gravity, one should employ a non-equilibrium
thermodynamics treatment. However, it has been demonstrated in [29] that
it is possible to obtain an equilibrium description of thermodynamics on the
apparent horizon of f(R) gravity. The same works also has been carried out
in f(T ) gravity [40] and some extended models of f(R) gravity [29, 37]. In
addition to the first law of thermodynamics, there have been a lot of interest
on exploring the second low of thermodynamics in gravitational theories [47–
55]. According to the second law of thermodynamics, the sum of the horizon
entropy and the entropy of the matter field, i.e. the total entropy, is a non-
decreasing function of time.
In this paper, we explore the laws of thermodynamics in both non-equilibrium
and equilibrium descriptions in the nonminimal f(T ) gravity model. The or-
ganization of the paper is as follows: In section 2, we briefly review the
nonminimally torsion-matter coupling model and its equations of motion. In
section 3, we treat a non-equilibrium descriptions of thermodynamics and
investigate the first and second laws of thermodynamics. We explore the
equilibrium description of thermodynamics in section 4. Finally, our conclu-
sion will be appeared in section 5.
2 The equations of motion
In the context of the teleparallel gravity, the dynamical object is a vierbein
field ei(x
µ), i = 0, 1, 2, 3, which is an orthonormal basis for the tangent space
at each point xµ of the manifold. The metric tensor is obtained from the
dual vierbein as gµν(x) = ηije
i
µ(x)e
j
ν(x) where ηij = ei.ej is the Minkowski
metric and eµi is the component of the vector ei in a coordinate basis. Note
that the Greek indices label coordinates on the manifold while Latin indices
refer to the tangent space. The torsion tensor is defined as
T λµν = e
λ
i (∂µe
i
ν − ∂νeiµ) . (1)
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Defining other two tensors:
S µνλ ≡
1
2
(Kµνλ + δ
µ
λT
σν
σ − δνλT σµσ ) (2)
and
Kµνλ ≡ −
1
2
(T µνλ − T νµλ − T µνλ ) , (3)
one can write down the torsion scalar T ≡ S µνλ T λνµ. Using the torsion scalar
as the teleparallel Lagrangian leads to the same gravitational equations of
the general relativity. In this work, we focus on the modified teleparallel
gravity with a nonminimal coupling between the torsion scalar and the matter
Lagrangian which is introduced via the following action [15]
S =
1
16piG
∫
d4x|e| {T + f1(T ) + [1 + λf2(T )]Lm} (4)
where e = det(eiµ) =
√−g, f1(T ) and f2(T ) are arbitrary functions of the
torsion scalar and λ is a coupling constant with units of mass−2. Varying the
action with respect to the vierbein leads to the field equations [15]
(1 + F1 + λF2Lm)[e−1∂µ(eeαAS ρµα )− eαAT µναSνρµ ] + (F ′1 + λF ′2Lm)∂µTeαAS ρµα +
1
4
eρA(f1 + T )
− 1
4
λF2∂µTe
α
A
em
S α
ρµ + λF2 e
α
ASα
ρµ ∂µLm = 4piG (1 + λf2) eαA
em
T α
ρ,
(5)
where Fi = dfi/dT and the prime denotes a derivative with respect to the
torsion scalar and we have defined
em
S A
ρµ = ∂Lm
∂∂µeAρ
. We assume that the
matter content of the universe is given by a perfect fluid and the matter
Lagrangian density is described by Lm = −ρm which leads to
em
S
ρµ
A = 0. So
the energy momentum tensor of the matter is given by
em
T µν = (ρm + pm)uµuν − pmgµν , (6)
where uµ is the four velocities of the fluid in the comoving coordinates. For a
flat homogeneous and isotropic Friedman-Robertson-Walker (FRW) universe,
the vierbein is given by
eiµ = diag[1, a(t), a(t), a(t)], (7)
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where a(t) is the cosmological scale factor. Using the above relation together
with (1), and (2), one obtains T = −6H2 where H = a˙
a
is the Hubble
parameter. The substitution of the FRW vierbein (7) in the field equation
(5) yields the modified Friedmann Equations as follows
H2 =
1
3F
[
8piG (1 + λf2) ρm − f1
2
]
, (8)
H˙ = − 1F
[
4piG (ρm + Pm) [1 + λ(f2 − 2TF2)] +H(F˙1 − 16piGλρmF˙2)
]
(9)
where F˙i = dFi/dt and F = (1 + 2F1 − 32piGλρmF2). Note that the usual
f(T ) gravity can be recovered in the limit λ = 0. It has been shown that
equations (8) and (9) can describe the acceleration expansion of the universe
without introduction of any dark energy component [15]. In the rest of this
paper, we concentrate on the thermodynamic aspects of the nonminimal
torsion-matter coupling extension of teleparallel gravity.
3 Non-equilibrium picture
To study the thermodynamics of the nonminimal f(T ) gravity, we rewrite
the Eqs. (8) and (9) as follows
H2 =
8piG
3F (ρˆd + ρm), (10)
H˙ = −4piGF (ρˆd + pˆd + ρm + pm), (11)
where the energy density and pressure of the dark components are defined
as
ρˆd ≡ 1
16piG
(TF1 − f1) + λρm(f2 − TF2) , (12)
pˆd ≡ 1
16piG
[
f1− TF1 +4H(F˙1− 16piGλρmF˙2) + λPm(f2− 2TF2)− λρmTF2
]
(13)
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respectively. Here, a hat denotes quantities in the non-equilibrium descrip-
tion of thermodynamics which do not satisfy the standard continuity equation
so that
˙ˆρd + 3H(ρˆd + pˆd) =
1
16piG
(−T F˙1) + λρmT F˙2 − 3λTHF2(ρm + pm) . (14)
The perfect fluid satisfies the continuity equations by virtue of the Bianchi
identity
ρ˙m + 3H(ρm + pm) = 0 . (15)
3.1 First law of thermodynamics
Now we investigate the thermodynamic behavior of the nonminimal f(T )
gravity on the apparent horizon. In the flat FRW universe, the radius r˜A of
the dynamical apparent horizon is given by [22]
r˜A =
1
H
, (16)
By taking the time derivative of this equation and substituting Eq. (11) into
the result, we obtain
F
4piG
dr˜A = Hr˜
3
A(ρˆd + pˆd + ρm + pm)dt . (17)
In the Einstein gravity, the Bekenstein-Hawking relation S = A/(4G) defines
the horizon entropy, where A = 4pir˜2A is the area of the apparent horizon [56].
In the framework of the generalized theories of gravity such as f(R) modified
gravity, a horizon entropy Sˆ associated with a Noether charge, called the
Wald entropy [57], is expressed as Sˆ = A/(4Geff), where Geff is the effective
gravitational coupling [58].
In the context of f(T ) gravity, it has been shown that the first law of
black hole thermodynamics breaks down [38] due to the violation of local
Lorentz invariance [59]. However, it is argued that when f ′′ = d2f/dT 2 is
small, the entropy of the black hole in f(T ) gravity is approximately equal to
f ′(T )A/4. furthermore, from the study of the matter density perturbations
in f(T ) gravity, one can take the effective gravitational coupling taken as
Geff = G/f
′(T ). Hence, similar to the f(T ) case, with the Friedmann
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equation (11), we take the effective gravitational coupling as Geff = G/F ,
so the Wald entropy in nonminimal f(T ) gravity is given by
Sˆ =
FA
4G
. (18)
Using Eqs. (17) and (18), we find
1
2pir˜A
dSˆ = 4pir˜3AH (ρˆd + pˆd + ρm + pm) dt+
r˜A
2G
F˙dt. (19)
The temperature of the apparent horizon is given by the Hawking tempera-
ture Th =
|κs|
2pi
where κs = − 1r˜A (1−
˙˜rA
2Hr˜A
) is the surface gravity at the apparent
horizon. Multiplying Eq. (19) with the term 1− ˙˜rA/(2Hr˜A) yields
ThdSˆ = 4pir˜
3
AH (ρˆd + pˆd + ρm + pm) dt−2pir˜2A(ρˆd+pˆd+ρm+pm)dr˜A+
pir˜2ATh
G
dF ,
(20)
In the Einstein gravity, the total energy inside a sphere of radius r˜A of the
apparent horizon is E = r˜A/2G. However, in the context of generalized
gravity, one should use the effective gravitational constant in this relation.
Hence, in the nonminimal modified f(T ) gravity, the total energy is given by
the following equation
Eˆ =
r˜AF
2G
=
3VF
8piG
(
H2 +
K
a2
)
= (ρˆd + ρm)V (21)
where V = 4
3
pir˜3A is the volume of 3-dimensional sphere. Taking the time
derivative of Eq. (21) we find
dEˆ = −4pir˜3AH(ρˆd + pˆd + ρm + pm)dt+ 4pir˜2A(ρˆd + ρm)dr˜A +
r˜A
2G
dF . (22)
Using Eqs. (20) and (22) leads to
ThdSˆ = dEˆ + 2pir˜
2
A(ρˆd + ρm − pˆd − pm)dr˜A +
r˜A
2G
(1 + 2pir˜ATh)dF . (23)
By introducing the work density Wˆ = 1
2
(ρˆd + ρm − pˆd − pm) [60], one can
rewritte the Eq.(23) as follows
ThdSˆ = −dEˆ + WˆdV + r˜A
2G
(1 + 2pir˜ATh)dF . (24)
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The above equation consists of additional term which is produced due to the
non-equilibrium representation of thermodynamics. Consequently, the first
law of thermodynamics can be expressed as follows
ThdSˆ + ThdiSˆ = −dEˆ + WˆdV , (25)
where we have defined an entropy production term as
diSˆ = − r˜A
2GTh
(1 + 2pir˜ATh)dF = 6pi
GT
(
T˙ + 8HT
T˙ + 4HT
)
dF . (26)
The appearance of the additional term diSˆ illustrates that the horizon ther-
modynamics is non-equilibrium one in the case of nonminimal f(T ) gravity.
Indeed, the violation of the standard first law of thermodynamics in this case
is a result of the definition of the dark energy momentum components as ρˆd
and pˆd which do not satisfy the continuity equation (14). In the next section
we show that by definition of the energy density and pressure of this gener-
alised f(T ) scenario in a way that the new components satisfy the continuity
equation, it is possible to have an equilibrium description of thermodynamics
so, the first law of thermodynamics can be justified.
3.2 Second law of thermodynamics
In this subsection, we investigate the validity of the second law of ther-
modynamics at the apparent horizon in the framework of the nonminimal
torsion-matter coupling model. The second law of thermodynamics states
that the sum of the horizon entropy and the entropy of the matter field, i.e.
the total entropy, is a non-decreasing function of time. Assuming a same
temperature between the outside and inside of the apparent horizon, the
condition to satisfy the second law of thermodynamics is given by
dSˆ
dt
+
d
(
diSˆ
)
dt
+
dSˆt
dt
≥ 0 . (27)
where dSˆ and diSˆ are deduced from the first law of thermodynamics (Eq. 25)
and dSˆt can be extracted from the Gibb’s equation which relates the entropy
of all matter and energy sources to the pressure in the horizon so that
ThdSˆt = d (ρˆtV ) + pˆtdV = V dρˆt + (ρˆt + pˆt) dV , (28)
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where Th and Sˆt are corresponding to the temperature and entropy of total
energy inside the horizon, respectively and we have defined ρˆt ≡ ρm+ ρˆd and
pˆt ≡ pm+ pˆd. Taking the time derivative of equation (28) and using (14) and
(15), one can get
Th
dSˆt
dt
= 4pir˜2A(ρˆt + pˆt)( ˙˜rA − 1) +
r˜A
2G
F˙ . (29)
Now, substituting the above equation and Eq. (25) in (27), we find
1
2G
H˙2F
H4
≥ 0 . (30)
This result describes the validity of the second law of thermodynamics in
the non-equilibrium treatment. So the condition needed to hold the second
law of thermodynamics in nonminimal f(T ) gravity is equivalent to F ≥ 0.
Note that F should be positive in order to Eˆ ≥ 0. This condition imposes a
constraint to the coupling parameter λ, so that λF2 <
1+2F1
32piGρm
. As a result,
the upper bound of lambda depends explicitly to the choices of two functions
f1(T ) and f2(T ). In the flat FRW universe, the effective equation of state
parameter is defined as [5]
ωeff = −
(
1 +
2H˙
3H2
)
. (31)
Here ωeff > −1, H˙ < 0, represents the quintessence phase of the universe
while ωeff > −1 , H˙ > 0, is corresponding to the phantom phase. From
equation (27) we find that in the non-equilibrium picture, the second law of
thermodynamics is satisfied in both phantom and quintessence phases of the
universe evolution.
4 Equilibrium picture
In this section we investigate the possibility to have an equilibrium picture
of thermodynamics in the nonminimal f(T ) modified gravity setup. To do
this, we rewrite the Friedmann equations (8) and (9) in the following form
H2 =
8piG
3
[1 + λ(f2 − 2TF2)ρm]− 1
6
(f1 − 2TF1) (32)
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and
H˙ = −8piG(ρm + pm) [1 + λ(f2 − 2TF2)]
1 + F + 4T (F ′1 − 16piGλρmF ′2)
(33)
Equations (32) and (33) can be expressed as
3H2 = 8piG(ρd + ρm) (34)
and
2H˙ + 3H2 = −8piG(pd + pm) (35)
where we have defined the energy density and pressure of dark components
as
ρd ≡ λρmf2 − 1
16piG
[f1 + T (1− F)] , (36)
and
pd ≡ (ρm+pm)
[
2 + 2λ(f2 − 2TF2)
1 + F + 4T (F ′1 − 16piGλρmF ′2)
− 1
]
−λρmf2+ 1
16piG
[
f1+T (1−F)
]
(37)
respectively. Now, from the new definition of the dark energy energy density
and pressure, the standard continuity equation can be retrieved as follows
ρ˙d + 3H(ρd + pd) = 0. (38)
So, the equilibrium description of thermodynamics can be treated in a same
manner as general relativity.
4.1 First law of thermodynamics
In the new representation of the dark energy components, the time derivative
of the dynamically apparent horizon is given by
dr˜A
dt
= 4piGr˜3AH(ρd + pd + ρm + pm) . (39)
Introducing the Bekenstein-Hawking entropy as S = A/(4G), we find
1
2pir˜A
dS = 4pir˜3AH(ρd + pd + ρm + pm)dt. (40)
Substituting the horizon temperature (Th = − 12pir˜A [1 −
˙˜rA
2Hr˜A
] ) in the above
equation leads to
ThdS = 4pir˜
3
AH(ρd + pd + ρm + pm)dt− 2pir˜2A(ρd + pd + ρm + pm)dr˜A . (41)
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Defining the Misner-Sharp energy as E = r˜A/(2G) = V (ρd + ρm) in the
Einstein gravity, we get
dE = −4pir˜3AH(ρd + pd + ρm + pm)dt+ 4pir˜2A(ρd + ρm)dr˜A . (42)
With the definition of the work density asW = (ρd+ρm−pd−pm)/2 [60] and
using Eqs. (41) and (42), we obtain the following equation corresponding to
the first law of equilibrium thermodynamics
ThdS = −dE +WdV . (43)
As a result, an equilibrium treatment of the first law of thermodynamics is
obtained with a suitable definition for the energy momentum tensor compo-
nents of dark energy.
One can show that the horizon entropy in the equilibrium picture has a
relation with the horizon entropy in the non-equilibrium picture as
dS = dSˆ + diSˆ +
r˜A
2GTh
dF − 2piH˙(1−F)
GH3
dt. (44)
Using equations (26) and (40), the above relation reduces to the following
form
dS =
1
F
(
dSˆ +
H˙ + 2H2
H˙ + 2H2
diSˆ
)
. (45)
The difference between S and Sˆ appears in the nonminimal f(T ) gravity is
due to dF/dT = 0. Note that in the pure teleparallel gravity case, which
corresponds to f1(T ) = T and λ = 0, we have Sˆ = S. From Eq. (45), we
see that the change of the entropy S in the equilibrium picture involves the
information of both dSˆ and diSˆ in the non-equilibrium picture.
4.2 Second law of thermodynamics
In this subsection we use the first law of thermodynamics in the equilibrium
picture (Eq. 43) to find the general condition which is needed to hold the
second law of thermodynamics in the nonminimal f(T ) scenario. As before,
we assume a same temperature for outside and inside the apparent horizon of
the universe. To examine the validity of the second law of thermodynamics,
we consider the Gibbs relation in terms of all matter and energy components
ThdSt = V dρt + (ρt + pt) dV . (46)
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where ρt ≡ ρm + ρd and pt ≡ pm + pd. Using equations (33)and (41), the
evolution of the horizon entropy is given by
S˙ = 8pi2Hr˜4A (ρt + pt) =
6pi
G
T˙
T 2
. (47)
To obey the second law of thermodynamics in the equilibrium picture of
nonminimal f(T ) gravity, we require that dS
dt
+ dSt
dt
≥ 0. Plugging Eqs. (46)
and (47) into this condition, we find
−
(
4HT + T˙
)
= 12H
(
2H2 + H˙
)
≥ 0 . (48)
It is clear that this condition naturally holds in the phantom phase of the
universe which H˙ > 0. On the other hand, for the validity of the second
law in the quintessence phase (H˙ < 0) it is required that H˙ < 2H2. Note
that the result (48) is independent of the forms of two functions fi(T ) and
imposes no constraint to the coupling parameter λ.
5 CONCLUSIONS
In this paper, we have studied the laws of thermodynamics in a general-
ized teleparallel gravity which contains a nonminimal coupling between the
matter field and an arbitrary function of the torsion scalar. From the Fried-
mann equations, we have constructed the first law of thermodynamics on
the apparent horizon in two different approaches. These approaches are de-
pend on the definition of the components of the energy momentum tensor
of dark energy and lead to the non-equilibrium and equilibrium descriptions
of thermodynamics. We have seen that an entropy production term appears
in the non-equilibrium description due to the violation of the standard con-
tinuity equation because of the definition of the dark energy components.
Consequently, the usual first law of thermodynamics is violated in the non-
equilibrium picture. We also have examined the second law of thermodynam-
ics which illustrates that the total entropy evolution with time including the
horizon entropy, the non-equilibrium entropy production term, and the en-
tropy of all matter field and energy components is a non-decreasing function
of time. We have found that the second law of thermodynamics is satisfied in
both phantom and quintessence phases of the universe evolution. It should
be noted that the validity of the second law of thermodynamics in the non-
equilibrium picture imposes a constraint on the coupling parameter λ, i.e.
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an upper bound on λ can be deduced which depends explicitly to the choices
of functions f1(T ) and f2(T ).
To have an equilibrium description of thermodynamics, we have redefined
the dark energy density and pressure in a manner that the new components
satisfy the continuity equation so, there is no extra entropy terms and the
first law of thermodynamics holds. We have also show that that the change
of the horizon entropy in the equilibrium picture involves the information
of the change of the horizon entropy as well as the change of the entropy
production term in the non-equilibrium description.
In studying the second law of thermodynamics, we have examined the
evolution of the entropy contributed by the horizon entropy and all matter
fields and energy contents in the equilibrium description. We have found
the condition to satisfy the second law of thermodynamics which holds in
the phantom phase of the universe. Furthermore, for the validity of the
second law in the non-phantom phase it is required that H˙ < 2H2 and there
is no constraint to the coupling parameter of the nonminimal f(T ) gravity
scenario.
6 Acknowledgements
We would like to acknowledge Prof. Kourosh Nozari for invaluable remarks.
References
[1] A. Einstein, Sitz. Preuss. Akad. Wiss. p. 217, 224 (1928)
[2] K. Hayashi and T. Shirafuji, Phys. Rev. D 19, 3524 (1979)
[3] S. Capozziello, V. F. Cardone, S. Carloni and A. Troisi, J. Mod. Phys. D
12, 1969 (2003)
[4] S. Nojiri and S. D. Odintsov, Phys. Rev. D 74, 086005 (2006)
[5] S. Nojiri and S. D. odinstsov, J. Geom. Methods Mod. Phys 4, 115 (2007)
[6] T. Sotiriou and V. Faraoni, Rev. Mod. Phys 82 451 (2010)
[7] K. Nozari and T. Azizi, Phys. Lett. B 680, 205 (2009)
13
[8] R. Ferraro and F. Fiorini, Phys. Rev. D 75, 084031 (2007)
[9] G. R. Bengochea and R. Ferraro, Phys. Rev. D 79, 124019 (2009)
[10] E. V. Linder, Phys. Rev. D 81, 127301 (2010)
[11] M. H. Daouda, M. E. Rodrigues and M. J. S. Houndjo, Eur. Phys. J. C
71, 1817 (2011)
[12] K. Bamba, C. Q. Geng, C. C. Lee and L. W. Luo, JCAP 1101, 021
(2011)
[13] J. B. Dent, S. Dutta, E. N. Saridakis, JCAP 1101 009 (2011)
[14] Y. Cai, S. Capozziello, M. D. Laurentis and E. N. Saridakis,
arXiv:1511.07586 [gr-qc]
[15] T. Harko, F. S. N. Lobo, G. Otalora and E. N. Saridakis, Phys. Rev. D
89, 124036 (2014)
[16] C.j. Feng, F. Ge, X. Li, R. Lin and X. Zhai, Phys. Rev. D 92, 104038
(2015)
[17] S. Carloni, F. S. N. Lobo, G. Otalora and E. N. Saridakis, Phys. Rev.
D 93, 024034 (2016)
[18] S. W. Hawking, Commun. Math. Phys 43, 199 (1975)
[19] J. D. Bekenstein, Phys. Rev. D 7, 2333 (1973)
[20] T. Jacobson, Phys. Rev Lett 75, 1260 (1995)
[21] R.G. Cai and S. P. Kim, JHEP 02, 050 (2005)
[22] M. Akbar and R. G. Cai, Phys. Rev. D 75, 084003 (2007)
[23] R. G. Cai and L. M. Cao, Phys. Rev. D 75, 064008 (2007)
[24] R. G. Cai, L.M. Cao, Y.P. Hu and S. P. Kim, Phys. Rev. D 78, 124012
(2008)
[25] A. Sheykhi, B. Wang and R. G. Cai, Phys. Rev. D 76, 023515 (2007)
14
[26] S. F. Wu, B. Wang, G. H. Yang and P. M. Zhang, Class. Quantum Grav
25, 235018 (2008)
[27] C. Eling, R. Guedens and T. Jacobson, Phys. Rev. Lett 86, 121301
(2006)
[28] K. Bamba, C.Q. Geng ,JCAP 1006, 014 (2010)
[29] K. Bamba, C. Q. Geng and S. Tsujikawa, Phys. Lett. B 688, 101-109
(2010)
[30] K. Bamba, C. Q. Geng, JCAP 11, 008 (2011)
[31] K. Karami, M. S. Khaledian, N. Abdollahi, EPL 98, 30010 (2012)
[32] K. Bamba1, Ch. Geng, Sh. Nojiri and S. D. Odintsov, Eur. phys. Let.
89, 5 (2010)
[33] M. Sharif and M. Zubair, JCAP 03, 028 (2012)
[34] T. Harko, Phys. Rev. D 90, 044067 (2014)
[35] M. Sharif and M. Zubair, JCAP 03, 028 (2012).
[36] M. Sharif and M. Zubair, Adv. High Energy Phys 2013, 947898 (2013)
[37] T. Azizi and N. Borhani, Astrophys Space Sci 357, 146 (2015)
[38] R. Miao, M. Li and Y. Miao, JCAP 11, 033 (2011)
[39] K. Karami and A. Abdolmaleki, JCAP 04, 007 (2012)
[40] K. Bamba and C.Q. Geng, JCAP 11, 008 (2011)
[41] M. Sharif and S. Rani, Eur. Phys. J. Plus 128, 96 (2013)
[42] M. Zubair, S. Waheed, Astrophys Space Sci 355, 361-369 (2015)
[43] M. Zubair, S. Waheed, Astrophys Space Sci 360, 68 (2015)
[44] M. Zubair, Abdul Jawad, Astrophys Space Sci 360, 11 (2015)
[45] M. Askin, H. Abedi, M. Salti, ROMANIAN JOURNAL OF PHYSICS
60, 44 (2015)
15
[46] C. Eling, R. Guedens and T. Jacobson, Phys. Rev. Lett 96, 121301
(2006)
[47] P. C. W. Davies, Class. Quant. Grav 4, 225 (1987)
[48] H. Mohseni Sadjadi, Phys. Rev. D 73, 063525 (2006)
[49] M. R. Setare, S. Shafei, JCAP 09, 011 (2006)
[50] E. Babichev, V. Dokuchaev and Yu. Eroshenko, Phys. Rev. Lett 93,
021102 (2004)
[51] J. Zhou, B. Wang, Y. Gong and E. Abdalla, Phys. Lett. B 652, 86
(2007)
[52] G. Izquierdo and D. Pavo´n, Phys. Lett. B 639, 1 (2006)
[53] M. Jamil and M. Akbar, Gen. Rel. Gra 43, 1061 (2011)
[54] A. Abdolmaleki, T. Najafi and K. Karami, Phys. Rev. D 89, (2011)
[55] S. F. Wu, B. Wang, G. H. Yang and P.M. Zhang, Class. Quant. Grav
25, 235018 (2008)
[56] J. M. Bardeen, B. Carter and S. W. Hawking, Comm. Math. Phys. 31
(1973).
[57] R. M. Wald, Phys. Rev. D 48, 3427 (1993).
[58] R. Brustein and M. Hadad, Phys. Rev. Lett. 103, 101301 (2009).
[59] B. Li, T. P. Sotiriou and J. D. Barrow, Phys. Rev. D 83, 064035 (2011)
[60] S. A. Hayward, Class. Quant. Grav. 15, 3147 (1998).
16
